The paper uses bifurcation theory to explore the parametric design space of the shortcut model for the reactor extractor developed in Part 1 with the purpose of finding the reasonable design parameters and start up conditions that allow a proper reaction and simultaneous extraction. This is done to assess the maximum theoretical conversion and also separation effectiveness of this process intensification technology.
Introduction
The usefulness of simplified models and useful modeling assumptions is well known since the first successful applications to distillation design [6, 10] . Nevertheless, since then the available computational power for a single person has grown exponentially, even mistakenly leading people to discard simple models in favor of much more complex and sophisticated models without the proper analysis. The available computational power has dimmed some long time used methods old-fashioned, yet it can also be seen as an opportunity to apply previously not available mathematics to explore simple models in order extract the most benefit of them. This work uses bifurcation theory to explore the parametric design space of the shortcut model for the reactor extractor developed in part 1 with the purpose of finding the reasonable design parameters and start up conditions that allow a proper reaction and simultaneous extraction. This is done to assess the maximum theoretical conversion and also separation effectiveness of this process intensification technology.
Design Parameter Analysis

Bifurcation Analysis
Bifurcation analysis of differential-algebraic equations is recently gaining strength among researchers. Although bifurcation software has been available for long time, there is a lack of software specifically for differential algebraic systems. Nevertheless, a prototype of a continuation software with co-dimension one stability and bifurcation detection inspired in the numerical methods used in MATCON [2] was used. It was possible to analyze the reactive extraction systems stability and to generate its bifurcation diagrams as the relevant design parameters are varied.
Behaviour Under Variations of Parameter D
The Dilution rate (D = N 0 N T ) of the reactive extraction system is an important design and control parameter, it can be associated with the reactor sizing and valve selection. Figure 1 shows than once the dilution rate (D) is under 0.75 Days −1 the variation in the productivity does not exceed 1%, this indicates that the process is not sensitive to small perturbation in this zone. If it is operated with a dilution rate above 0.75 Days −1 the process becomes perturbation sensitive. It is possible to identify that between dilution rates of 0. the best design section for a given production rate is attained, mainly because of high production rates are achieved without an excessive sizing of the reactor.
The value of D = 0.75 Days −1 was chosen as the design value for being a good compromise between the productivity and the reactor size. The relation of the reactants at the system inlet R is another important design parameter. It has a direct relation with the conversion. Figure 2 shows the appearance of two steady states (equilibrium points), one stable and one unstable that collide. This is called a fold or saddle-node bifurcation [4] , and appears close the discontinuity frontier generated by the immiscibility gap (φ = 1E −4 ). The appearance of a saddle node bifurcation has two main implications, the first one is that the system presents unstable equilibrium points and that the stability analysis is necessary to assess the stability of the selected operation state. The second implication is that it will be difficult to operate the reactive extraction system under certain conditions, in this case near R = 0.011069 and that variations in the parameter R could lead to unstable behavior of the system such as hysteresis.
Alcohol inhibition can be observed when R is above 2.25. Methanol starts to inhibit the lipase causing the production efficiency to decrease drastically. This leaves a considerable amount of non reacted triglyceride mixed with the outgoing biodiesel which will require the use of downstream operations in order to purify the biodiesel, increasing the costs of the whole biodiesel operation. A design value of R = 2.25 was chosen to be the maximum possible operation without alcohol inhibition. 
Two Parameter Operation Curve Analysis
Although no codimension two bifurcations were found, alcohol inhibition was analyzed in the parametric space of R and D. Figure 4 shows the Biodiesel production isoclines (mol/day) in the design parameter space (R, D). The gray area in the figure shows the design parameter zone where alcohol inhibition is relevant in the biodiesel rich phase (phase II) of the reactive extraction system. This analysis corroborates that under the right operations conditions for a given biodiesel production design specification there is a region of the space R, D that avoids high concentrations of methanol in the reacting phase due to the immiscibility of the reaction products. This can be seen as an analogous strategy to the one used in batch reactors, where the methanol is added in different stages [7] , in this case, as the methanol has more affinity for the glycerol it will distribute unevenly between the two phases, favoring higher concentrations on the non reacting phase. As the methanol is consumed continuously in the reacting phase, there will always be a flow of methanol from the non reacting to the reacting phase acting as a dosage. 3 Process Simulation
Start Stage Simulation
The numerical simulation of the system's starting stage was carried several times, varying the initial relation of alcohol to triglyceride (R 0 = z ROH (0)/z T rig (0)). The optimal conversion was found at R 0 = 2.6532 (see Figure 5 ). During the several simulations needed to produce Figure 5 it was found that a time of 6 hours was enough to lead the system towards a stable steady state. It was a assumed that molar density of the mixture in N T /V was constant.
Complete process Simulation
Once the optimal relation R 0 was found, the start stage simulation was carried for a time of 6 hours (0.25 days) providing the initial conditions for the operational stage (z T rig = traces,z ROH = 0.032, z BioD = 0.7260 and z Glyc = 0.2420 ). From that point the switch from start stage to operational stage was performed, and the stirring was reduced from a high value to the optimal value. The values used for the operational stage where the chosen ones from the bifurcation analysis (operation relation R of 2.25 and a dilution rate of 0.75days −1 ). The kinetic parameters used for the simulation where the ones for the Thermomyces lanuginosa from [1] Figure 6 shows the complete process simulation including the switching at 0.25 days from start stage to continuous operation stage. It also shows that the immiscibility between biodiesel (BioD) and glycerol (Glyc) causes a 99% effective separation of both phases produced during the reaction, which will avoid the time consuming decanting. Simulated conversion of Sunflower Oil (triglycerides) was 88%, similar to the experimental maximum one reported in [11] of 80% for immobilized lipase. It was also similar to the conversion of 85% obtained by modeling and simulation of an enzymatic bioreactor for the production of biodiesel from sunflower oil in [9] . However, the experimental data found is only for non-simultaneous reaction and separation processes.
Conclusions
The proposed technology aims to reduce the downstream separation times and costs by the process integration of the reaction and the product separation and also by avoiding the use of solvents and homogeneous catalysts.
The present work answers the question if a continuous reactive extraction lipase catalyzed process for the production of biodiesel is possible at least theoretically, moreover, if it will be efficient. The chosen way to address this question was via modeling and simulation. Through the modeling process several obstacles had to be sorted out, the first one the complexity of the feedstock, followed by the scarcity of liquid-liquid equilibrium parameters for the available thermodynamic models, and finally finding a kinetic equation comprising the alcohol and substrate inhibitions.
The aim of modeling the operation stage dynamically was to obtain stable operation points. The bifurcation analysis confirmed the existence of unstable steady states so the stability assessment proved to be necessary. One of the most relevant results of the use of the continuous model was to find operation steady states that were reachable from the reactor start using the proposed strategy. To Assess the maximum theoretical efficiency of any process equipment without the certainty that the obtained best operation point is reachable, gives raise to doubts about the real possibility of the operation.
A parametrical optimization was conducted in the start stage model in order to assess the optimal alcohol to triglyceride ratio, which is the most important parameter of the reaction. The parameter was found to be 2.65 (R=z ROH (0)/z T rig (0)). This parameter is analogous to the solid to solvent ratio found in the parametrical optimizations done for the J curcas L oil seeds [5, 3] and agrees with the 3:1 optimal molar ratio found experimentally in [8] for a solvent free batch sunflower oil to biodiesel process catalysed with Candida antarctica.
Also important operation parameters for the operation stage where found via the bifurcation analysis, the dilution rate (D) which is the most important operational parameter for a bioreactor was found to be 0.75 days −1 and alcohol to triglyceride ratio (R) was found to be 2.25.
The reported conversion of triglycerides to biodiesel of 88% agrees with enzymatic conversions attained experimentally by Yesiloglu et al. [11] and Pessoa et al. [9] , with the addition that simultaneously a 99% effective separation was predicted. This proves that theoretically the process is efficient. The simultaneous high conversion and high separation rates show the viability of the technology and the need of further investigation both theoretically and experimentally for other regimes and conditions. Moreover, the higher conversion attained confirms that the concentration field redistribution achieved by the process integration favors the reaction efficiency by avoiding methanol inhibition.
The shortcut modeling methodology presented in this work shows, that although, more complex models are possible, such as a solid-liquid-liquid approach, the use of the correct and coherent simplifications and assumptions in the modeling process allow a reliable approximation to reality, that saves valuable experimental time and resources.
